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measured  in  either  the  inao'  or  the  oata  belts.  The  new  belts 
were  still  in  existeiKe  some  6^ius  mondis  afto'  dieir  foam- 
tioo  vihai  CRRES  ceased  txananitting  data  due  to  battery 
ikihirBS. 

The  dynamic  nature  of  the  inner  magnetospiieie  is  not 
included  in  any  existing  model,  and  fnesents  a  jmibkm  for 
orbit  planning  and  satellite  design  u^en  cost-effoctive  misaoos 
are  inq>erative.  A  ctm^arisoo  of  dose  measurements  on 
CRRES  with  NASA  model  pfedi<^on8  was  previously  reported 
[6].  The  comparison  durwed  foe  extreme  inadequacy  of 
NASA  AES  [7]  electron  dose  predktioos  for  energies  greater 
than  5  MeV  following  foe  bforch  event.  Here  we  use  foe 
CRRES  dose  data  to  make  statistical  dose  modeb  for  thne 
periods,  before  and  after  foe  March  storm,  separately,  aad 
over  foe  entire  CRRES  misaon.  We  then  use  fo^  modds  to 
calculate  foe  dose  that  would  be  received  in  various  satellite 
orbits  bdiind  four  foickneases  of  Yielding.  We  foow  that,  in 
selected  orbits,  foe  dose  can  increase  by  more  than  two  orders 
of  magnitude,  and  foat  foe  slot  region  becomes  comparable  to 
foe  heart  of  foe  inner  belt  with  respect  to  doae  accwnnlation 
bdund  thick  shielding.  Alfoou^  we  do  not  have  a  sufficient 
baseline  wifo  foe  CRRES  data  to  answer  every  question 
regarding  foe  dymunics  of  foe  near-Earth  radiation  environ- 
meat,  we  can  give  xdiat  noay  be  a  best  and  a  worst  case  dose 
prediction  for  qrecific  orbits  during  solar  maximum  based  on 
foe  CRRES  measurements. 
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Abstract 

Three  dose  models  are  constructed  using  direct  measure¬ 
ments  of  dose  on  foe  CRRES  satellite,  in  a  low-inc.lmarion, 
getwynchtrmous-transfo  orbit.  The  Average  Model  uses  data 
taken  over  foe  entire  14  months  of  foe  CRRES  mission  from 
My  1990  to  October  1991.  The  Quiet  Modd  uses  data  from 
My  1990  to  Mardi  1991.  The  Active  Modd  uses  data  from 
March  1991  to  October  1991.  The  sq>arati<»  of  foe  quiet  and 
active  periods  is  based  on  foe  24  March  1991  solar  particle 
event  imd  subsequent  solar  wind  shock  which  rearranged  foe 
inner  magnetosphere  radiation  populations.  The  dose  models 
are  dose  rate  averages  in  grids  of  L  and  B/Bg.  A  software 
program  (CRRESRAD),  devel<^)ed  for  the  modds,  allows  foe 
calculatirm  of  dose  behind  4  foielding  thicknesses  for  any 
satellite  orbit,  hi  foe  active  pCTtod,  dose  acquired  in  a 
circular,  low-inclinatioa  orbit  in  foe  *slot  region*  is  greater 
than  in  foe  quiet  period  by  up  to  two  orders  of  magnitude, 
making  fois  region,  heretofore  thought  to  be  relativdy  benign, 
conqMiable  in  radiation  harshness  to  foe  peak  of  foe  inner 
radiation  belt.  The  suitability  of  foe  CRRES  dose  models  for 
evaluating  dose  in  high  inclinatioa  orbits  is  also  discussed. 

I.  INTRODUCTION 

A  major  goal  of  foe  CRRES  (Combined  Release  and 
Radiation  Effects  Satellite)  program  is  to  iqidate  the  NASA 
radiation  belt  models  [1,  2,  3]  whidi  are  widely  used  by  foe 
^pace  mgineering  community  in  satellite  design  and  orbit 
determination.  An  a^iect  of  fois  goal  is  to  create  models  foat 
more  accuiatdy  reflect  foe  dynamic  nature  of  foe  belts.  The 
CRRES  satellite  was  qperatioaal  from  25  My  1990  to  12 
Octobm'  1991.  In  March  1991,  a  very  large  solar  particle 
evmt  combined  wifo  foe  iwar-Earfo  passage  of  a  shocked  solar 
wind  provided  so  mudi  energy  to  foe  inner  magneto^ihere  foat 
foe  radiatirm  belts  took  on  very  difF«eat  profiles  firom  those 
in  foe  NASA  models  [4].  Two  new  belts  were  formed:  a 
seond  high  energy  proton  bdt  wifo  peak  fluxes  at  an  L-value 
of  2.25  Re  (I^  is  an  Earth  radius)  and  a  foird  electron  belt 
wifo  peak  fluxes  at  an  L-value  of  2.15  composed  of  elec¬ 
trons  wifo  energies  from  1  MeV  up  to  and  exceeding  30  MeV. 
Electrons  above  ~  10  MeV  had  not  previously  been  measured 
in  foe  iiuttr  magoetoqfone  [S].  These  new  belts  filled  foe 
’dot*  region  between  foe  inner  (predominantly  proton)  belt 
and  foe  outer  electron  belt  wifo  a  very  damaging  particle 
populaticm.  For  electrons,  foe  enmgies  are  greater  fon  those 


n.  INSTRUMENT  AND  ORBIT 

CRRES  was  in  a  low-inclination  (18.2*)  geoqmchronoos- 
transfer  orbit,  passing  forou^  foe  heart  of  foe  radiation  bdte 
twice  every  lOfoour  orbit  period.  The  satellite  was  equipped 
wifo  foe  finest  complmneot  of  high  eneigy  particle  (aqjenmnts 
ever  flown  in  qiace.  One  of  foe  instruments,  foe  Space 
Radiation  Dosimeter,  directly  measured  dose  acquiation  as  a 
ftmction  of  time  (thus,  altit^  and  magnetic  latitude).  The 
data  from  this  experiment  are  used  in  this  rqx»t.  The  dosi¬ 
meter  returned  dose  data  in  two  energy  deposition  ranges:  50 
keV  to  1  MeV,  foeLOLET  (low  linenr  energy  transfiff)  range; 
and  1  to  10  MeV,  tiie  HBLET  (hi^  linear  energy  transfer) 
range.  The  dose  was  meaaired  bdund  four  tiucknesses  of 
hemispherical  aluminum  diielding  (0.57,  1.59,  3.14,  6.08 
gm/cn^  which  allow  pen^raticm  of  dectrons  wifo  energy 
greater  than  i,  2.5, 5,  and  10  MeV,  reqiectivdy,  and  penetra¬ 
tion  of  protons  wifo  energy  greater  tbim  20,  35,  52,  and  75 
MeV,  respectively.  A  1/2  inch  thick  tungsten  base  prevented 


C018-9499/92$03.00©  1992  IEEE 


1766 


protcMis  aad  elections  with  energies  below  120  and  200  MeV, 
respectively,  from  penetrating  the  detectors  from  underneath. 
Hie  LOLET  channels  received  energy  dqwsition  from 
electrons  and  >130  MeV  protons.  The  HUXT  channels 
received  energy  deposition  from  protons.  More  conqilete 
descriptions  of  the  dosimeter  can  be  found  in  Refs  8,9. 

m.  APPROACH 

Magnetos^heric  n>diation-belt  particles  have  been  shown  to 
be  well-ordered  by  the  Mcllwain  L-parameter  [10]  and  the 
ratio  (B/Bq)  of  the  magnetic  field  intensity  (B)  to  the  field 
intensity  of  the  same  field  line  at  the  magnetic  equator  (Bq). 
These  are  commcmly  called  L-B/Bq  coordinates.  The  L- 
parameter  (sinqily  called  L)  marks  particle  drift  shells  by  their 
equatorial  distance  from  the  center  of  the  Earth,  and  is 
measured  in  Earth  radii  (R£).  For  a  dipole  field,  L  is  equiva¬ 
lent  to  altitude  in  the  magnetic  equatorial  plane.  More 
conqilicated  field  models  are,  in  effect,  projected  onto  the 
dipole  field  to  determine  L.  The  CRRES  modeling  effort  uses 
the  field  model  that  results  from  combining  the  International 
Geomagnetic  Reference  Field  (IGRF)  Revisitm  1985  internal 
field  model  [11]  with  the  Olson-Pfitzer  quiet  external  field 
model  [12].  The  CRRES  orbit  covers  L-values  of  1.1  to  8 
Rg.  B/B,  is  directly  lelatable  to  magnetic  latitude.  The 
CRRES  orbit  covers  B/B,  values  fiom  1  to  ~  4,  or  magnetic 
latitudes  from  0°  to  ~  +30°.  The  dose  miqxs  that  we  create 
are  statistical  averages  of  data  in  discrete  L  and  B/B^  bins. 
The  L-bin  divisions  are  every  l/20th  of  an  Rf;  the  B.'Bq 
divisions  are  variable,  being  equivalent  to  stqps  of  2°  in 
magnetic  latitude  in  a  dipole  field. 

To  create  the  dose  models  we  first  divided  the  mtire 
CRRES  dosimeter  data  base  into  two  parts:  that  occurring 
before  the  March  storm  (27  July  1990  to  19  March  1991)  and 
that  after  the  storm  (31  March  1991  to  8  October  1991).  The 
period  from  19  to  31  March  was  the  period  of  the  reccmfigu- 
ration  of  the  belts.  It  is  included  in  an  additional  total  data 
base  which  is  used  to  produce  the  Average  Model.  A  separate 
model  was  created  fiom  the  data  for  each  of  these  three  time 
periods,  and  for  both  LOLET  and  HILET  data.  Second,  we 
accumulated  the  data  in  L  Shell-  and  B/Bg-bins  for  each 
CRRES  orbit,  by  dhannel,  and  stored  the  total  counts  with  the 
number  of  observations.  The  data  fiom  all  orbits  ^>propiiate 
to  a  given  model  were  then  combined  by  performing  a  sinq)le 
average  over  all  measurements  falling  into  each  L-B/Bg  bin. 
Third,  we  corrected  the  data  for  the  onboard  alpha  source 
used  to  update  the  dosimeter  calibration  in-fUght.  The 
correction  was  significant  for  the  HIUET  channds  and,  in 
particular,  for  the  first  HILET  diannel.  The  al{^  source  was 
the  first  order  limitation  on  the  accuracy  of  the  dose  measure¬ 
ments.  Fourth,  wfa^  bin  averages  were  suspect  we  set  the 
values  to  zero.  Bin  averages  were  zeroed  for  the  following 
leascms:  a)  the  number  of  observations  for  the  bin  avenge  was 
less  than  450  (equivalent  to  30  minutes  of  data  coUection);  b) 
the  residual  afto'  applying  the  alpha  source  correction  was 
negative;  c)  the  avenge  was  less  than  the  alpha  source  count 


plus  twice  the  statistical  deviaticHt  in  the  alpha  source  count- 
(two  sigma);  d)  the  bins  were  at  altitudes  below  the  low 
altitude  cutoff  of  the  inner  belt  (these  points  were  sporadic  and 
easily  identified).  Otherwise  all  data  points  were  retained. 
Finally,  the  corrected  dose  counts  were  ocmverted  to  dose, 
using  pre-fUght  calibration  results,  and  kept  in  tabular  form  in 
rads(Si)/s. 

We  (ksignate  the  pre-event,  post-event,  and  tmal  data  base 
dose  models  the  ‘Quiet,*  ‘Active,*  and  "Average"  Dose 
Models,  respectively.  As  we  show  in  the  next  two  sections, 
dose  accumulated  fiom  the  models  can  be  quite  different 
depending  on  satellite  orbit. 

rV.  QUIET  AND  active  DOSE  MODELS  DURING 
SOLAR  Maximum 

Figures  1  and  2  are  line  plots  taken  fiom  the  Quiet  and 
.Active  CRRES  Dose  Models,  respectively.  The  dc«e  is 
measured  behind  dome  2,  which  has  a  thickness  of  232.5  mils 
Al.  The  figures  show  the  dose  in  iad(Si)/s  as  a  fiinctioo  of  L 
and  averaged  for  the  three  B/Bg  values  nearest  the  magnetic 
equator  (+6**  around  the  magnetic  equator).  They  are  shown 
only  out  to  L-values  of  6.5,  because  they  become  disccmtinu- 
ous  and  near  background  beyond  this  value.  The  HILET 
(LOLET)  dose  is  shown  with  large  (small)  dadied  lines.  The 
total  dose  is  shown  with  a  solid  line.  HILET  dose  dominates 
for  L  <  2  R^,  and  LOLET  dose  for  L  >  3  R^. 

In  the  (^et  Model  (Figure  1)  there  is  a  clear  slot  region 
between  2  and  3  R£  sq>aiating  the  inner  and  outer  radiation 
belts.  This  region  is  relatively  benign,  having  a  dose  rate 
almost  500  times  less  than  the  peak  of  the  inner  belt  and  an 
order  of  magnitude  less  than  the  peak  of  the  outer  belt.  A 
major  difference  between  the  Quiet  Model  and  the  Active 
Model  (Figure  2)  is  that  the  slot  regitm  is  filled  wath  a  second 
HILET  belt  and  a  third  LOLET  belt.  The  peak  of  the  new 
LOLET  belt  (2. 15  R^)  is  somewdiat  nearer  the  Earth  than  the 
peak  of  the  new  HILET  belt  (2.25  R^).  The  peak  intoisity  of 
the  new  LOLET  belt  is  greater  than  both  the  inner  and  die 
outer  LOLET  belt  peak  intensity,  wiiile  the  inteoaty  of  the 
new  HILET  peak  is  only  somewiut  (30%)  less  than  that  of  the 
inner  belt.  Thus,  the  slot  regitm  is  fiUed  with  a  new  radiaticm 
belt  that  is  comparable  in  intensity  to  thm  of  the  inner  bdt, 
which  was  previously  assumed  to  be  the  region  of  greatest 
radiation  hazard  in  the  magnetosphere. 

Other  points  of  conqiarison  are:  The  iimer  bdlt  is  un¬ 
changed  in  the  two  models.  The  LOLET  outer  belt  peaks 
somewhat  closer  to  the  Earth  and  is  about  an  order  of  magni¬ 
tude  more  intense  in  the  Active  Model  conqnied  to  the  Quiet 
Model.  At  high  L  values  (>  3  R^)  the  HILET  dose  rate  in  die 
Active  Model  is  greater,  by  about  an  order  of  magnitude,  than 
diat  in  the  Qui^  Model.  This  is  due  to  die  greater  number  of 
solar  proton  events  during  the  active  period  and  the  ability  of 
these  protons  to  pmetrate  deqily  into  the  magnetoqihere. 

Figure  3  shows  the  Active  Model  dose  rate  as  a  functioD 
of  L  for  B/Bg  =  1.69-1.88  (+(2(F  -  22®)]  Magnetic  Lafitutfc). 
Here  we  see  that  the  total  dose  in  the  inner  belt  ai^  the  slot 


1767 


region  belt  is  diminished  by  about  a  factor  of  5,  but  that  the 
outer  LOLET  belt  remains  at  the  same  intensity.  The  dose  in 
the  new  belt  is  almost  ^tirely  LOLET  dose,  the  HILET  dose 
being  severely  diminished  at  this  distance  from  the  magnetic 
equator.  These  profiles  indicate  that  the  LOLET  dose 
particles  (primarily  electrons)  are  far  more  isotic^ic  than  the 
HTLET  dose  particles  (primarily  protons),  and  that  the  protons 
m  the  new  belt  are  much  more  strongly  ccmfined  to  the 
magnetic  equator  (have  deeper  loss  ctmes)  than  those  in  the 

CHUES  QVIET  DOSE  HODXL 

27  JDL  90  -  19  MR  91 
SBIZLS  232.5  ills  XL 
0-6  SEC  MXORETIC  lATlTIOt 


L- SHELL  Cln  RE) 

Figure  1.  Dose  rate,  in  Rad(Si)/s,  as  a  function  of  L,  in  Rg,  for  the 
CRRES  Quiet  Dose  Model.  The  dose  is  accumulated  within  6^  of  the 
magnetic  equator.  HELET  (LOLET)  dose  is  plotted  with  a  thick 
(thin)  dashed  line;  total  dose  is  plotted  with  a  thick,  solid  line. 


CRRES  ACTIVE  DOSE  MODEL 
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Figure  2.  Same  as  Figure  1 ,  but  for  the  CRRES  Active  Dose  Model. 


iimer  belt.  The  particles  in  the  new  belt  are  trapped  with  long 
lifetinws  and  were  measured  from  24  March  1990  until 
CRRES  stc^^jed  transmitting  data,  12  October  1991. 

One  can  use  profiles  such  as  those  in  Figures  L3  to 
estimate  directly  what  dose  will  be  encountered  by  satellites  in 
low  inclination  orbits.  By  using  the  entire  (k>se  modds  for 
each  shielding  thickness,  the  dose  can  be  more  accurately 
calculated  by  using  orbit  elements  to  determine  dwell  times 
over  a  satellite  lifetime  in  each  L  and  B/Bg  bin  and  accunnilat- 
ing  the  dose  using  the  appropriate  dose  rate  firom  the  models. 
We  have  created  a  softvrare  program,  called  CRRESRAD, 
whichcanberuoonapersc«ulcon^Hitertodothis(13].  This 
method  of  estimating  dose  for  a  satellite  mission  differs  from 
the  way  dose  is  estimated  using  the  NASA  radiatimi  models. 
The  NASA  radiation  models  give  integral  electron  and  protcm 
omnidirectional  fluxes  above  set  thresholds  for  points  on  an  L- 
B/Bg  grid.  To  determine  dose  from  these  particles  behind  a 
shielding  of  given  shape  and  thickness,  a  transit  code  nuist 
be  used.  These  codes  are  fiurly  straight-forward  for  protcms, 
but  quite  complex  for  electrons.  Creating  dose  models  fiom 
in-^Mce  measuremmts  eliminates  the  need  for  such  codes. 
However,  the  dose  model  is,  in  this  case,  for  erne  shielding 
shiqie  (hemispherical  dome)  and  for  four  shielding  tfaiebresses, 
and  is,  therefore,  much  less  flexible  than  a  particle  flux  model. 
The  main  advantage  of  using  a  dose  model  is  that  it  gives 
accurate  total  dose,  including  effects  from  Bremsstrahlung, 
without  having  to  use  transport  codes.  In  the  two  next 
sections,  we  denxmstrate  how  the  program  can  com|>ute  dose 
using  the  CRRES  model  a)  to  show  the  difference  between  the 
quiet  and  the  active  periods  for  low  inclination  orbits  at 
various  altitudes  where  CRRES  data  exists,  and  b)  to  get 
someiAdiat  limited  dose  information  for  high  inclination  Dibits. 


CRRES  ACTIVE  DOSE  MODEL 

31  WAR  91  -  e  OCT  91 
SXIELD  »  232  S  alls  M 
20-22  DEC  WACirmC  LATITODE 


L- SHELL  (in  RE) 

Figure  3 .  Same  as  Figure  2,  but  for  dote  accumulated  bcDveen  20-22° 
magnetic  latitude. 
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V.  RESULTS  FOR  LOW  INCLINATION  ORBITS  behind  shielding  thicknesses  greater  than  1/2  inch  A1  (Domes 

3  and  4). 

To  give  some  indication  of  worst  case  scouuios  for  ^  dose  at  the  outer  edge  of  the  newly  formed  belt,  at 
periods  before  and  after  the  March  event,  we  have  run  several  2.5  R^,  is  still  i^pproximately  50  times  higher  than  the  jne- 
circular,  0°-inclination  orbits  through  the  models  represented  event  level. 

by  Figures  1  and  2  at  altitudes  either  where  maTimum  dose  The  dose  at  the  peak  of  the  miter  belt  (3.5  R^)  reflects 

would  be  expected  or  vtiiere  some  satellites  operate.  The  ihe  d3mamic  behavior  of  electrons  and  changes  by  about  a 
results  are  given  for  5  altitudes  and  4  shielding  *hiclfTM»g.8ftg  in  factor  of  10  in  an  average  sense  before  and  after  the  event. 
Table  1.  The  altitudes  are  given  as  distances  firom  the  center  E)  There  is  a  small  d<we  increase  at  geosyndmamus 
of  the  Earth  in  Earth  radii.  The  orbits  diosm  are  a)  a  circular  altitude  for  thinner  shieldings  in  the  active  period.  However, 
orbit  at  1.55  R£  passing  through  die  heart  of  the  inner  belt,  b)  the  variatimis  are  more  a  function  of  the  number  of  large 
two  circular  orbits  (tme  at  2.2  R£  and  one  d  2.5  R^}  that  pass  particle  events  (both  dectron  and  proton)  than  average  dose 
through  the  slot  regim,  c)  a  ciroilar  orbit  at  3.5  R^  that  levds. 

passes  throu^  die  heart  of  the  outer  belt,  and  d)  a  geosyn*  F)  For  the  CRRES  orbit,  a  geosynchronous  transfer  orbit, 
chronous  orbit  at  6.6  R^.  We  have  also  included  the  measured  the  total  orbit  dose  changed  by  about  a  factor  of  3  for  all 
dose  (projected  to  dose  per  year)  on  CRRES,  in  a  geosynchro-  shielding  levels  between  quiet  and  active  periods, 
nous  transfer  orbit  at  18°  inclination,  for  the  two  periods.  As  note  that  prior  to  the  March  event  the  slot  regicm 

would  be  expected,  the  measured  CRRES  dose  and  that  found  between  2.2  and  2.5  R^  is  almost  as  benign  a  radiadcm  region 
by  running  the  CRRES  orbits  through  the  dose  models  (not  the  region  at  geosynchronous  altitude.  For  this  reascm  low 
shown)  agree  within  a  few  percent.  altitude  satellite  orbits  are  sometimes  designed  with  a^gee  in 

Several  conclusions  may  be  drawn  from  the  table:  or  near  the  slot  region.  Figures  4  and  5  show  the  dose  depth 

A)  The  inner  belt  at  the  peak  dose  intensity  altitude  of  1.55  curves  for  HILET  and  LOLET  dose,  re^>ectively,  before  and 

Rg  is  constant  before  and  after  the  event.  after  the  March  storm,  for  a  circular,  (f -inclination  orbit  at 

B)  The  dose  in  the  slot  region  near  2.20  R£  increases  by  2.20  R^.  Also  added  to  these  plots  are  the  dose-depth  curves 
a  factor  of  30  to  1(X)  depending  on  shielding  thickness,  and  fof  the  most  severe  environment,  a  circular,  0^-inclinati(m 
becomes  greater  than  the  dose  m  the  heart  of  the  iimer  belt  orbit  at  the  heart  of  the  inner  radiation  belt,  at  1 .55  R^. 


Table  1.  | 

Comparison  of  dose  (kRads/Vear) 

BEFORE  (AFTER)  MARCH,  1991  STORM 

Circular,  0^  Inclination  Orbits  and  CRRES  Orbit 

SHIELDING  THICKNESS 
gm/cm^ 

0.57 

1.59 

3.14 

6.08 

INNER  BELT 
Circular,  r=1.55RE 

474.8  (485.1) 

103.7  (104.8) 

54.7  (56.2) 

29.2  (30.9) 

SLOT  REGION  A. 
Circular,  r=2.20RE 

3.5  (109.0) 

1.1  (85.8) 

0.8  (78.4) 

0.3  (33.9) 

SLOT  REGION  B. 
Circular,  r=2.50  R^ 

2.0(119.2) 

0.6  (43.8) 

0.3  (20.3) 

.14(6.2) 

OUTER  BELT 
Circular,  r=3.50RE 

205.7  (1169.9) 

3.6  (28.9) 

0.3  (2.16) 

0.2  (1.0) 

GEOSYNCHRONOUS 
Circular,  r=6.60  Rg 

2.3  (9.5) 

0.02  (.11) 

0.01(0.03) 

0.01(0.01)  1 

CRRES* 

Geosynchronous  Transfer 

60  (210) 

3.3  (12) 

1.8  (5.2) 

0.99  (2.6)  1 

*Measured  orbit  by  orbit,  not  from  CRRES  model 


1769 


For  HILET  (proton)  dose  the  two  orbits  differ  in  dose  by 
about  two  orders  of  magnitude  before  the  storm  and  by  much 
less  than  one  orcter  of  magnitude  after  the  storm.  On  the 
other  hand,  LOLET  dose  (electron  and  >  130  MeV  prottms) 
for  the  orbit  in  the  slot  region  after  the  storm  exceeds  that  for 
the  orbit  in  the  inner  belt. 

HII.ET  DOSE  BEFORE/ AFTER  MARCH  EVERT 
CPROTOHS  «  100  MEV) 


2 

ALUKIStm  SHIELDISG  THICXKESS  gm/CB 

Figure  4.  HILET  dose  rate  (in  Rads(Si)/year)  as  a  function  of 
shielding  thickness  for  two  CP  inclination,  circular  satellite  oibits 
using  the  Quiet  (dotted  line)  and  Active  (dashed  line)  CRRES  Dose 
Models.  The  orbit  with  altitude  L=1.SS  (thick  line)  is  through 
the  heart  of  the  inner  radiation  belt  and  receives  the  same  dose  in 
both  models.  The  orbit  with  altitude  2.2  R^  (dashed  lines)  is  in  the 
slot  region. 


LOLET  DOSE  BEFORE/AFTER  MARCH  EVENT 
CELECTHOHS.  PKOTOKS  >  130  BEV) 


2 

ALUBIHUH  SHIELDING  THICKNESS  g«/CB 

Figure  S.  Same  as  Figure  4,  but  for  LOLET  dose  rate. 


VI.  THE  Crres  Dose  Models  and  High 
Inclination  Orbits 

The  CRRES  orbit  limits  the  region  of  space  sampled  to 
+3(F  in  magnetic  latitude  and  to  abcHit  6.5  Rg  from  the  center 
of  the  Earth.  This  limits,  in  turn,  the  regiem  of  the  CRRES 
dose  models.  There  are  a  mimber  of  ways  in  which  the 
CRRES  empirical  dose  models  can  be  extrapolated  to  higher 
magnetic  latitudes,  or  interpolated  between  CRRES  posititms 
and  those  of  a  different  satellite  cm  which  dose  is  measured, 
eg.,  DMSP,  in  order  to  increase  the  model  applicability.  We 
intend  to  pursue  these  means  of  extending  the  models. 
However,  the  CRRES  model  can  be  used  as  it  is  for  high 
inclinatimi  orbits  if  the  dc^  of  interest  is  that  produced 
primarily  by  protons,  or  if  it  is  Kxmmulated  behind  thick 
shielding  ( >  200  mils  Al),  because  almost  *be  entire  population 
of  particles  producing  these  doses  is  ctmtained  within  *be 
CRRES  san^ling  region.  This  is  because  the  fall-off  in  dose 
rate  with  B/^  is  fast  for  L  values  less  than  2.5  R^.  Thus, 
little  error  will  be  made  in  dose  acquisitirm  for  those  high 
inclinaticm  satellite  orbits  whose  apogees  lie  below  L-values  of 
2.5  R£.  Above  L  =  2.5  R^,  however,  in  the  region  of  the 
outer  zone  electimis,  the  dose  is  not  so  tightly  confined  to  the 
magnetic  equatorial  plane,  and  must  be  extrapolated  for  higher 
B/Bo  values.  To  show  this  we  conqxare  dose  predicted  from 
the  CRRES  model  for  the  DMSP  satellites  to  measurements  of 
dose  made  (m  DMSP  by  a  dosimeter  similar  to  that  flown  on 
CRRES.  The  DMSP  measurements  have  been  previoudy 
r^ited  [9,  14,  15].  We  note  that  additional  belts  in  &e  slot 
region  were  also  measured  by  DMSP  in  amjunction  with  the 
solar  particle  event  and  large  magnetic  storm  that  occurred  in 
early  Fdmiary  1986  [14]. 

The  DMSP  satellite  orbits  are  near-circular  (840  km 
altitude),  polar  (98°  inclination),  sun-synchronous  orbits.  The 
DMSP/F7  satellite,  carrying  a  dosimeter,  returned  data  from 
December  1983  to  October  1987.  This  period  encompassed 
the  last  solar  minimum  occurring  in  September  1986.  Average 
daily  dose  rates  for  each  of  the  dosimeter  channels  were 
calculated  in  monthly  intervals  [IS].  For  HILET  (probms), 
the  minimum  average  daily  dose  occurred  at  the  beginning  of 
the  misaon,  that  is,  closest  to  solar  maximum,  and  rose 
steadily  duoughout  the  mission.  For  LOLET  (electrons  and 
>1(X}  MeV  protras)  the  average  daily  dose  behind  the 
thinnest  shielding  was  highly  variable,  but  behind  the  other 
three  domes  increased  more  or  less  steadily  over  the  mission. 

Table  2  gives  the  comparison  between  the  dose  predicted 
for  DMSP  from  the  CRRES  models  (the  dose  does  not  change 
appreciably  between  quiet  and  active  models)  and  the  monthly 
minimum  and  maximum  dose  rates  measured  on  DMSP.  All 
dose  values  ate  projected  to  a  yearly  &}se.  The  dose,  in  each 
case,  is  divided  into  HILET  and  LOLET  ranges.  The 
comparisem  of  HILET  dose  to  the  minimum  dose  measured  by 
DMSP  is  excelloit  (within  8%).  The  minimum  dose  values 
measured  on  DMSP  are  those  closest  to  solar  maximum,  and, 
thus,  more  appropriate  for  conq>arison  to  CRRES  data.  The 
HILET  maximum  values  measured  on  DMSP  were  taken  thir- 
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Table  2. 

Comparison  of  CRRES  Model  Dose 
AND  Measured  Dose 
FOR  THE  DMSP  Orbit  in  Rnds(Si)/Year 


- ^ . 

SHIELDING  THICKNESS 
in  2m/cm^ 

CRRES  MODEL 
DOSE 

DMSP  MONTHLY  AVERAGED  DOSE 
MINIMUM  (MAXIMUM) 

HILET 

LOLET 

HILET 

LOLET 

0.57 

359 

207 

376  (504) 

223  (2300) 

1.59 

255 

129 

266  (358) 

135  (142) 

3.14 

223 

124 

204(266) 

95  (106) 

6.08 

152 

96 

157  (266) 

teen  months  after  solar  miniimnn.  Titty  are  well  within  a 
factor  of  two  of  the  CRRES  predictiims,  wdiich  is  the  rule-of- 
thtunb  difference  for  protons  at  solar  minimmii  and  solar 
maximum.  The  LOLCT  comparisons  between  the  CRRES 
model  values  and  the  measured  values  are  reasonably  good  (  < 
2S  for  the  middle  two  shielding  levds.  (Lack  of  good 
thermal  control  of  the  dosim^er  on  DMSP  voided  the  LOLET 
measurements  bdiind  the  thickest  shielding  for  much  of  dte 
mission).  The  conparison  is  also  good  for  the  thinnest 
Welding  vihm  conpared  to  the  minimum  value  measured  (m 
DMSP.  It  is  an  order  of  magnitude  less  than  the  maximum 
value.  La  the  CRRES  model  runs,  54%  of  the  DMSP  orbit  is 
outside  of  the  region  of  the  model.  Qearly,  electrons  at  high 
magnetic  latitudes  make  a  significant  contribution  to  dose 
bdiind  thin  shielding  for  high  inclination  orbits  and  these  are 
not  yet  included  in  our  dose  models.  For  protons,  and  for 
thick  shields,  the  CRRES  dose  models  are  idso  ipplicable  to 
high  inclination  orbits. 

Vn.  DISCUSSION  AND  CONCLUSIONS 

The  CRRES  dose  data  have  been  used  to  model  two  voy 
differmit  conditions  in  the  ndiatimi  belts:  a  quiet  ctmdition 
with  an  inner  bdt  and  an  outer  electrtm  belt;  and  an  active 
condition  in  which  a  third  bdt,  conposed  of  protons  and 
extremely  energetic  electrons,  fills  the  slot  region.  An 
Average  Dose  Model  has  also  been  constructed  using  all  the 
CRRES  data.  Dynamics  are  very  important  in  cmisidering 
how  and  when  to  use  die  models.  A  peculiarity  of  the  modds 
is  that  the  high  ddtude  EQLET  model  has  both  zero  and  ncm- 
zero  bins  wbidi  result  from  the  inficequeat  occurrence  of  solar 
proton  events  that  last  for  several  consecutive  orbits.  Indica¬ 
tors  of  solar  and  magnetospheric  conditions  averaged  over  the 
time  periods  of  the  models  can  hdp  in  evaluating  the  iqplica- 


bility  of  the  models.  These  are  listed  in  Table  3  for  the  Quid 
and  Active  model  periods.  The  averages  were  constructed 
from  preexisting  daily  averages.  The  average  sunpot  number 
[16]  is  essentially  the  same  for  the  two  periods,  indicating  that 
all  the  data  were  taken  at  the  same  position  in  the  solar  cycle. 
The  high  mergy  solar  proton  and  electron  fluxes  [16]  mea¬ 
sured  at  geosynchronous  altitude  by  the  GOES  satellite  are 
~20  and  6  times  greater,  reqttctivdy,  for  the  active  period 
dian  for  the  quiet  period,  and  provide  the  bigg^  difference 
we  see  in  the  Tidtle  3  values.  These  particles  are  thus  a 
possible  strong  driver  of  radiation  belt  dynamics.  The  polar 
rain  Oow  energy  electron  precipitation  over  the  polar  cips  and 
taken  here  from  the  polar  cap  vnth  the  larger  flux  value  [17]) 
is  about  50%  greater  during  the  active  pniod  than  the  quid 
period  indicating  a  decrease  in  the  difference  between  toe  solar 
wind  peed  and  toe  Alfven  peed  [B(4im)''^  for  active  times. 
This  may  indicate  toe  inportance  of  Alfven  waves  (plasma 
waves  that  propagate  at  the  Alfven  peed  and  are  toe  r^t  of 
a  restoring  force  provided  by  the  magnetic  field)  on  toe 
surface  of  toe  magnetoqtoere  for  activating  the  belts.  Of  toe 
three  magnetositoeric  activity  indices,  Kp  [18],  D„  [19]  and  the 
position  of  toe  auroral  boundary  at  local  midnight  [20],  only 
D„,  measuring  the  iimer  magitttopheric  ring  current,  shows 
a  major  difference  (about  a  fictor  of  2.5).  The  ring  current, 
is  a  regular  feature  of  magnetic  storms  and  probably  toe  best 
indicator  of  a  long  interval  of  storm  dynamics  [21].  Auroral 
or  substorm  activity,  as  indicated  by  Kp,  and  toe  size  of  the 
auroral  oval  (midnight  boundary)  is  the  same  for  both  periods, 
on  average. 

All  of  toe  new  CRRESRAD  models  pply  to  solar  maxi¬ 
mum  ctmditions.  Diffmences  in  orbital  d^  between  quiet 
and  active  ccmditions  can  exceed  two  orders  of  mngn»hiA> 
Because  of  this,  radiation  bdt  dynamics  must  be  considered  in 
mission  planning,  particularly  for  satdlites  that  pend  much  of 
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Table  3. 

INDICATORS  OF  SOLAR  OR  MAGNETOSPHERIC  ACnvnT 

1  Average  Values 

•QUIET*  PERIOD 

27  Jul  1990-19  Mar  1991 

•ACTIVE’  PERIOD 

31  Mar  1991-8  Oct  1991 

Sunspot  Number 

223 

219 

GOES  >  10  MeV  Proton  Flux 

1.2  ICP  (cm^  day  sr)'‘ 

20.2  10*  (cm’  day  sr)  ' 

GOES  >2  MeV  Electron  Flux 

1.1  10’  (cm’  day  sr)  ‘ 

6.7  10’  (cm’  day  sr)  ' 

Polar  Rain  hitoisity 

6.7  10*  (cm’ s  sr)  ' 

9.1  10*  (cm’ s  sr)  ' 

Kp 

2.2 

2.2 

-12.2 

-31.5 

Auroral  Boundary 

63.3**  Magnetic  Latitude 

61.3*'  Magnetic  Latitude 

their  time  in  the  slot  region.  Software,  called  CRRESRAD, 
has  been  developed  to  estimate  dose  behind  the  four  thickness¬ 
es  of  shielding  used  on  the  CRRES  dosimeter  for  any  closed 
satellite  orbit  the  user  specifies.  It  quickly  estimates  mission 
dose  using  the  CRRES  Quiet,  Active  and  Average  dose 
models.  Even  though  the  CRRES  oKxlels  only  extoid  to  3(f 
around  the  magnetic  equator,  the  models  will  give  reasonable 
dose  predictions  for  high  inclination  orbits  if  the  shielding  is 
greater  than  about  1/4  inch  Al,  as  shown  in  Table  2. 
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